Abstract: LC-MS/MS has emerged as the method of choice for the identification and quantification of protein sample mixtures. For very complex samples such as complete proteomes, the most commonly used LC-MS/MS method, data-dependent acquisition (DDA) precursor selection, is of limited utility. The limited scan speed of current mass spectrometers along with the highly redundant selection of the most intense precursor ions generates a bias in the pool of identified proteins toward those of higher abundance. A directed LC-MS/MS approach that alleviates the limitations of DDA precursor ion selection by decoupling peak detection and sequencing of selected precursor ions is presented. In the first stage of the strategy, all detectable peptide ion signals are extracted from high resolution LC-MS feature maps or aligned sets of feature maps. The selected features or a subset thereof are subsequently sequenced in sequential, non-redundant directed LC-MS/MS experiments, and the MS/MS data are mapped back to the original LC-MS feature map in a fully automated manner. The strategy, implemented on an LTQ-FT MS platform, allowed the specific sequencing of 2,000 features per analysis and enabled the identification of more than 1,600 phosphorylation sites using a single reversed phase separation dimension without the need for time-consuming prefractionation steps. Compared with conventional DDA LC-MS/MS experiments, a substantially higher number of peptides could be identified from a sample, and this increase was more pronounced for low intensity precursor ions. substantially higher number of peptides could be identified from a sample and this increase was more pronounced for low intensity precursor ions.
Introduction
Over the past decade, mass spectrometry (MS) has emerged as the method of choice for the identification and quantification of proteins in very complex biological samples (1) . In the most widely used implementation, referred to as shotgun proteomics, protein samples are first digested, the resulting peptide mixtures are then chromatographically separated and finally sequenced by automated tandem mass spectrometry (MS/MS). Due to its conceptual and experimental simplicity, the shotgun approach has become a very popular method for the identification of proteins in a wide range of biological samples and, in combination with stable isotope labeling, also for quantitative proteomic studies (2) (3) (4) . Recent technical improvements in MS instrumentation, database searching and result validation as well as advances in database annotation now make it possible to routinely identify hundreds to a few thousand of proteins in complex biological samples (5) (6) (7) (8) .
Despite this impressive progress, shotgun proteomics is not yet capable of characterizing whole proteomes and presents obvious biases, among them the discrimination against protein species of low abundance (5, 8) . This is primarily a consequence of limited sequencing speed of current LC-ESI-MS/MS systems that are incapable of analyzing each precursor ion detected in complex samples together with the redundant selection of a subset of precursor ions, even if precautions like dynamic exclusion are applied.
Therefore, even in repeat analyses of the same sample exhaustive identification of the low intensity precursors is not achieved (9) (10) (11) .
In contrast to these approaches based on data dependent precursor ion selection (DDA), directed peptide sequencing provides the advantage of focusing the MS/MS-analysis on non-redundant and information rich precursor ions, thereby better managing the analysis time and increasing depth of analysis (12, 13) . In this regard, a two stage strategy by which all MS1 features that represent peptides are extracted from LC-MS maps and subsequently subjected to targeted sequencing, in principle, should lead to the identification of all detectable precursors (14) . Since the acquisition of MS1 and MS2 spectra is naturally decoupled in MALDI-MS/MS, this platform is well suited for directed sequencing and has been applied to selectively analyze differential expression or modifications of proteins (15, 16) .
The same principle is also applicable to ESI-MS, which has the potential to provide much higher sequencing speed in routine applications compared to MALDI-MS/MS. Since the peptides are not "immobilized" on the sample plate, repeat injections of the same sample are required, the first to detect the MS1 features and subsequent ones for directed sequencing. Naturally, the decoupling of feature detection and sequencing demands highly reproducible elution times and high mass accuracy. A directed sequencing strategy has been already applied on high mass accuracy ESI instruments to specifically sequence peptides of single proteins in complex mixtures (17) and for the detection of low-abundant peptide species (18) . However, the number of targeted peptide ion masses was limited to a few hundred per run, a much lower number of sequencing attempts than modern ESI-MS/MS instruments are capable of performing in DDA mode. The number of targeted precursors could only be increased by sample and time-consuming multiple LC-MS/MS analyses of the same mixture.
In the present study, a high performance LTQ-FT-ICR mass spectrometer that allows segmentation of inclusion mass lists by LC elution time was used for directed sequencing. Each inclusion lists contained the mass-to-charge ratio (m/z) and elution time of the targeted precursors and was divided into segments of 3 to 5 minutes, thereby increasing the number of possible target masses to 3,000 in a one-hour LC gradient. The strategy was supported by software tools to i) automatically extract peptide features from MS1 maps and to align features over multiple LC-MS/MS patterns (13) , ii) generate inclusion lists from the identified features (19) 
Material and Methods

Cell culture and phosphopeptide enrichment
All chemicals, if not otherwise mentioned, were bought at the highest available purity from Sigma-Aldrich, Taufkirchen, Germany. 
Phosphopeptide isolation
Phosphopeptides were isolated using TiO 2 affinity enrichment as recently described (20) . 1 g of the phosphopeptide sample was subjected to each LC-MS/MS analysis.
Reverse phase HPLC
Peptide samples were analyzed on an Agilent 1100 microflow system (Agilent 
Peak detection
First, the data of the initial three LC-MS (mapping) runs (raw format) was converted to the profile mzXML format (21) . Then, the in-house developed software system SuperHirn (22) was used for i) detection, ii) de-isotoping, iii) peak integration and iv) alignment of detected features over multiple LC/MS patterns. Peak intensities were measured by calculating peak areas from extracted ion chromatograms (XICs) of each MS signal. Highly stringent criteria were applied to filter the detected peaks for peptide signals.
Specifically, the algorithm searches for peaks patterns matching isotope distributions typical for peptides within the m/z value range under investigation. Peaks had to be detected in at least two subsequent MS1 scans and with a minimum of three isotopic peaks to be considered. Only peaks that could be found in at least two LC-MS runs were considered and singly charged masses were excluded. Finally, a list of the relevant features was generated and used to build mass inclusion lists for directed MS-sequencing.
Generation of inclusion lists
To make the generation of inclusion lists less time consuming, less prone to human error and easier to reproduce we developed the "Inclusion List Builder" 
Directed MS-sequencing of features
The generated inclusion lists (.csv file format) were directly imported into the global mass list parent ion table of the MS operating software (XCalibur 2.0 SR 1, Thermo Electron, Bremen, Germany) and activated. Basically, the settings for targeted LC-MS/MS were similar to those described above with a few modifications. First, the dynamic exclusion mass window that is also setting the m/z tolerance for the inclusion list masses was narrowed to ±10 ppm for all directed analyses with enabled monoisotopic precursor selection and to ±5 ppm when this option was turned off. Ion signals for which no charge could be assigned were also allowed to trigger MS2 scans. The dynamic exclusion time was reduced to 10 seconds to acquire multiple MS2 scans for each feature. For directed sequencing in preview off mode, this option was disabled and the resolution of the MS1 scan in the ICR cell reduced to 50,000. For sequencing low abundant features of low abundance, the monoisotopic precursor selection option was disabled and, to minimize unspecific sequencing, the threshold required for triggering MS2 events was raised from 150 to 3,000 counts.
Database searching
All acquired MS2 and MS3 spectra were searched against the Drosophila For comprehensive intensity comparison of the peptides identified by DDA and directed LC-MS/MS analysis ( Figure 3B ), the MS1 signal intensities were determined using the Bioworks software, to also include peptides exclusively identified in DDA mode. Therefore, the peak height of every single peptide precursor ion was determined by applying the following parameter: mass range of 0.03 Da; intensity threshold of minimal 1,000 and 3 smoothing points allowed. The intensity of the same peptide ions detected in multiple runs was averaged.
Assignment of identified peptides to inclusion lists
An Excel table (in tab-delimited format) containing the search results from the directed LC-MS/MS runs was imported into the Prequips software. Spectral data in mzXML format was loaded to obtain access to the corresponding retention times. All identified peptides were mapped to one or more features in the master table through the MS2 scans associated with them.
For the mapping algorithm we define a scan as the triple (corrected retention time t' R , feature at mass m and charge z), where the feature mass m is defined as m = (precursor neutral mass + (z * 1.00727)) / z and the corrected retention time t' R is computed as t' R = a * t R + b from the measured retention time t R . Since all LC-MS/MS experiments were performed using the same C18 column resulting in minimal shifts in feature elution times, no corrections of t R were required. Therefore, a was set to 1 and the value for b was set 0. The following algorithm was applied for each identified peptide p:
1) For every scan s associated with p find all features f in the master table that fulfill each of the following conditions:
The retention time tolerance (in minutes) and the mass tolerance (in ppm) define windows of 2 and 2 centered on t' R (s) and m(s), respectively.
2) Map p to all f fulfilling the conditions.
A single peptide can be mapped to the same feature multiple times if it is associated with more than one scan. Also, more than one distinct peptide can be mapped to a feature. The peptide with the lowest retention time and mass difference is automatically selected as the best hit. The investigator can manually assign any other of the peptides mapped as the best hit for a given feature if there is supporting evidence. 
Results
The directed precursor ion selection workflow
The general workflow of the directed LC-MS/MS analysis described in this manuscript is outlined in Figure 1 . It consists of the following steps:
(1. Sample preparation) The proteins in a sample obtained from any source 
Reproducibility of LC-MS
The success of an inclusion list experiment strongly depended on the reproducibility of both, LC and MS performances. Figure S1 shows that variations in retention time were below 20 seconds and mass accuracy was better than 2 ppm. These variations are well within the time and m/z tolerances of 2.5 minutes and 10 ppm, respectively, used for directed MS2.
Naturally, the time and m/z tolerances should be kept as small as possible to minimize random MS-sequencing events.
Optimization of MS-parameters for improved identification of features
To optimize the number of features identified in a targeted precursor ion selection experiment we generated a peptide mixture from D. melanogaster Kc167 cells and subjected aliquots to repeat analyses in which relevant experimental parameters were varied.
Cells (10 8 ) were harvested, disrupted and the cytosolic fraction was isolated.
The proteins were alkylated, trypsinized and three aliquots, each containing 1 g of peptides, were analyzed as described above (Figure 1) . A total of 9,680 unique features could be detected (see Table S3 ) that were imported into the master table. The features were grouped by decreasing intensity into five inclusion lists each containing around 2,000 features, and subjected to directed LC-MS/MS analysis.
Subsequently, the influence of two important parameters for triggering MS2 in the LTQ-FT MS employed, the preview mode and the monoisotopic precursor selection (MPS), respectively, was evaluated. With preview mode on (default mode), the instrument acquires a low resolution MS1 spectrum (pre-scan) that takes around 20% of the total scan time and continues scanning the ions for high resolution while the LTQ is performing MS2 scans of selected ions in parallel ( Figure 2C ). This significantly increases MS2 scan rates but peptide ions for MS2 are selected from low resolution MS1 scans. By disabling the preview mode and reducing the resolution to 50,000 for MS1, the mass accuracy of the peptide ions selected online for directed MS2 could be improved. Consequently, 8% (13%) more features were identified (sequenced) from the Kc167 cell sample from the five inclusion lists with preview mode disabled ( Figure 2A , Table S1 , S4, S5). Despite the slightly longer cycle times required ( Figure 2D ), the speed of the MS instrument used was still sufficient to selectively sequence up to 2,000 features in a 60 minute gradient (Table S1 ). It is important to note that the improvements were particularly pronounced for features with lower intensities. Additionally, the MS2 selection efficiency of peptide ions of low abundance could be further improved by disabling MPS, which makes every single isotopic peak in the MS1 scans accessible for triggering MS2. As a consequence, the yield of identified low abundant peptide signals could be further improved from 33% to 40% and 26% to 35% for low and very low intense features, respectively ( Figure 2A ).
It is worth mentioning that increasing the number of ions into the ICR-cell for MS1 scans also slightly increased the numbers of identified low abundance ions, however, to a lower extend than by the disabling MPS (data not shown).
This is due to the fact that high ion numbers in the ICR-cell lead to space charge effects that lower peptide mass accuracy (26, 27) . Therefore, some features might fall out of the m/z tolerances applied and would not be sequenced if the ICR cell is filled with a high number of ions.
Using the optimized MS-parameters, around 80% of all detected features were selected for sequencing and 48% of those could be confidently identified, resulting in the identification of 3,931 unique peptides and 793 nonredundant gene products (Table S1+S6 ). In addition, the occurrence of random sequencing of MS-signals not selected for directed MS2 was very low since only about 11.6% (516) of all identified peptides in the five inclusion list runs could not be mapped back to the master feature list. This demonstrates that the whole process starting with feature extraction from high resolution MS1 maps followed by directed sequencing using an inclusion list protocol and mapping back the MS2 data to the features is very effective and specific.
Comparison of data dependent and directed LC-MS/MS
To assess the performance of the directed LC-MS/MS approach in comparison to CID experiments using DDA, we compared the data obtained from applying the protocols optimized as described above with the results of five repeat LC-MS/MS runs using DDA. The sample was a tryptic digest of Kc167 cell cytosolic fraction and in each analysis 1 g of total peptide mass was injected. To increase the number of MS2 spectra acquired, the instrument was programmed to randomly select for CID the five most intense precursor ion signals detected in a survey scan in the LC-MS/MS experiment with DDA and the peptides identified by either strategy were compared.
As shown in Figure 3A (Table S2+S7 ). This effect was even more apparent at the protein level where only 111 (21.0%) new gene products could be discovered by the additional four LC-MS/MS experiments. Notably, the number of identified peptides over all five DDA runs was highly consistent, ranging from 2,461 -2,493 (Table S2+S7 ). This clearly demonstrates a strong sequencing redundancy in shotgun LC-MS/MS, which is in agreement with observations obtained from other recent studies (9-11).
In contrast, the directed approach presented here allowed the non-redundant sequencing of every single feature in only one LC-MS/MS run and therefore, the degree of novel peptide identifications in each analysis was much higher, resulting in a much steeper curve ( Figure 3A , orange line). Here, using the optimized MS-parameters shown above (Preview mode and MPS disabled, (Table S1 ). Eventually, a higher number of peptides and proteins were identified in five directed runs than in five DDA LC-MS/MS analyses, despite the much lower number of sequencing events, clearly indicating the higher information content of the ions extracted offline over DDA LC-MS/MS (Table S1 + S2) . Interestingly, the INL curve ( Figure 3A) is only slightly flattening with decreased feature signal intensity, which suggests that potentially even more peptides can be identified by the directed approach if less stringent peak picking criteria would be applied and additional inclusion list runs would be carried out on the same sample.
It is important to point out that current mass spectrometers offer possibilities to sequence additional low-abundant peptides in DDA mode (28) . However, most of them drastically reduce the number of MS1 scans acquired, and therefore lower reliable quantification of complex peptide mixtures.
Conversely, directed LC-MS/MS enables the identification of low-abundant
peptides without affecting MS1 performance and thus quantification accuracy.
Combination of DDA and directed LC-MS/MS
As shown in Figure 3A , three inclusion lists were necessary to identify as many peptides/proteins as in a single DDA LC-MS/MS experiment. Therefore, excluding already selected features from the initial LC-MS run for the generation of MS1 maps and specifically targeting the remaining features would be expected to reduce the number of directed LC-MS/MS runs required to sequence every detectable feature. We applied a combined strategy of two initial DDA runs with subsequent directed runs to the Kc167 cell sample described above. As shown in figure 3A , the results of more than 5,000 sequencing attempts of the first two DDA LC-MS/MS analyses runs could be Table S8 ). In total, a higher number of peptides could be identified with less analytical effort and time by the combined approach than by the DDA or directed approach alone. Notably, the high performance hybrid LTQ-FT mass spectrometer used for our experiments is very well suited for the combined approach, since the ICR cell enables the acquisition of high resolution MS1 data while, in parallel, the LTQ part can collect MS2 data without sacrificing time, resolution or sensitivity for MS1 data acquisition ( Figure 2C ).
To evaluate the intensity distribution of the peptides identified by both, DDA alone ( Figure 3A , blue line) and in combination with directed ( Figure 3A , green line) LC-MS/MS, the precursor ion abundances of these peptides were calculated and compared. To obtain an un-biased intensity determination of all identified precursor ions, their base peak intensities were calculated using the Bioworks software tool. As shown in Figure 3B , most of the peptide ions identified in DDA mode had intensities between 10 6 and 2x10 6 counts ( Figure   3B , blue line). By contrast, the peak maximum of the distribution of peptides exclusively identified by the two inclusion list runs is clearly shifted towards precursor ions with lower abundance. The apex of the distribution of the peptides determined by the inclusion list in the combined approach was around 2x10 5 to 4x10 5 and thus about 5-times less intense than that of the DDA alone strategy ( Figure 3B , red line). In combination with the data obtained from the first two DDA runs, the intensity of peptides determined by the combined approach was much less biased towards high abundant signals and more equally distributed ( Figure 3B , green line). This clearly indicates that in complex peptide mixtures, a higher number of peptide ions with low intensities could be identified by directed than by DDA LC-MS/MS approaches.
Reproducibility of directed LC-MS/MS sequencing
To evaluate the reproducibility of the directed approach for both, feature selection and identification, 200 identified features from each of the five intensity groups (very high to very low) were combined and re-analyzed five times. Overall, the selected features spanned more than three orders of magnitude in signal intensity. The data are shown in Table 1 and Figure S2 .
Of the 1,000 features targeted, more than 85% did trigger sequence attempts and around 70% could be confidently identified in all five LC-MS/MS runs. 
Directed analysis of a complex phosphopeptide mixture
Phosphopeptides, specifically those phosphorylated at serine or threonine residues are notoriously difficult to identify, due to their specific fragmentation patterns in ion trap instruments.
To evaluate the performance of directed sequencing for the identification of phosphopeptides we applied the combined directed approach described above ( Figure 3A respectively. Then, all MS1 peaks were extracted from the high resolution MS1 maps obtained in those first two runs and filtered as described above. A total of more than 7,776 features that aligned over both runs were detected (Table S9) , about half of which were already sequenced by the two initial LC-MS/MS runs and excluded from following directed LC-MS/MS. After generating a series of inclusion lists, the remaining 4,000 features were subjected to directed sequencing in two additional LC-MS/MS experiments.
To further increase the number of detected phosphopeptides, the 2,000 most abundant features showing a neutral loss peak but could not be confidently assigned to a peptide sequence were re-analyzed in one additional LC-MS/MS run using a different MS-sequencing method especially designed for phosphopeptide analysis (31) .
Every directed LC-MS/MS run identified a considerable number of previously unidentified peptides. In total, after five LC-MS/MS runs, more than 1,600 phosphorylation sites could be identified (Table 2 + S10, Figure S3 ).
Interestingly, 1,500 (87.2%) of the 1,721 identified peptides carried at least one phosphate group confirming a high specificity for phosphopeptides of the TiO 2 affinity enrichment. Of the 1,628 phosphorylation events detected, the exact site of phosphorylation of 1,204 sites could be determined with a probability of more than 90% ( CN >0.1) (32). The distribution of phosphorylated amino acids was similar to that in other studies (20, 33) with most sites found on serine (82.7%), followed by threonine (15.4%) and tyrosine (1.9%) residues. In addition to this, the majority of phosphopeptides identified contained one phospho group (92.1%) whereas only 110 (7.3%) and 9 (0.6%) were phosphorylated on two or three different residues, respectively.
More importantly, compared to the DDA runs, 65% additional protein Figure 4B ). Interestingly, the precursor ion was not picked for fragmentation in the first two runs although it is only 5-times less abundant than the highest peak present in the corresponding MS1 spectrum ( Figure   4A ). Obviously, the sequencing speed of the MS was not sufficient to acquire MS2 spectra from the high number of co-eluting peptide ion present in the MS1 spectrum. This agrees very well with our results obtained from the sample consisting of non-phosphorylated peptides ( Figure 3B ).
Discussion
This study describes a reproducible, sensitive and integrated computational and mass spectrometric method for directed sequencing of a high number of peptide ions within complex mixtures. In contrast to concomitant MS1 and MS2 data acquisition during DDA ESI LC-MS/MS, the directed approach described decouples MS1 and MS2 spectra collection. In a first step, potential peptide ion signals are extracted offline from the pattern generated in initial LC-MS/MS runs. For this task we developed the software tools SuperHirn and features that could not be assigned to a peptide sequence in the first analysis using optimized MS-parameters. As shown by the results obtained in this study, more than 100 additional phosphorylation sites were determined by iterative analysis of phosphopeptides that showed a neutral loss peak but could not be confidently identified on the basis of their MS2 or MS3 spectra using the multistage activation mode for MS/MS data acquisition (31) . The application of optimized CID parameters for each feature not only allows for the identification of more peptides but can also be employed to confirm peptide ions with questionable identity.
Third, the directed approach offers the possibility of selecting for CID precursor ions with specific properties. These include the charge state of a peptide that is most likely to yield an informative fragment ion spectrum, particular patterns after stable isotope labeling (13, 15, 16, 38) , characteristic isotope distributions generated by tagging selected functional groups with suitable reagents (39), both isotopic version of cross-linked peptides (40) 
